The seasonal change of the water budget in the Congo river basin is investigated by using hydrometeorological data averaged over long-term periods. Vapor flux convergence is calculated using the global objective analysis data of the ECMWF from 1985 to 1988. Precipitation and river discharge data mainly cover the periods 1920-1960 and 1932-1959, respectively. Evapotranspiration is estimated as precipitation minus vapor flux convergence on the monthly basis. The atmospheric water balance terms are related to the Normalized Difference Vegetation Index (NDVI) derived from the NOAA/AVHRR averaged from 1985 to 1987.
Introduction
The Congo river basin is the second largest in the world and is located in the center of Africa (Fig.  1) . The drainage area is about 3,800,000km2. The annual mean discharge, about 40,000m3/s, is also second to the Amazon river. The tropical rainbelt passes through the center of the basin in April and November (Hirst and Hastenrath, 1983) , which results in the rainy season of the entire basin twice a year.
The seasonal change of the water budget in the Congo river basin seems to be very interesting, however, previous studies treated its annual water budget alone as a part of global or continental-scale studies (Table 1 ). The seasonal changes of some of the water balance terms, including their difference within the basin, were also investigated (e.g. Bultot and Griffiths, 1972; Riou, 1972 Riou, , 1984 Balek, 1977 Balek, , 1983 Hirst and Hastenrath, 1983) . However, there are no studies so far which synthetically analyze the seasonal change of the water budget including the water cycle in the atmosphere. Needless to say, this kind of study is necessary in relation to the global/regional climate. In addition, it is important to know how well we understand the hydrological cycle from present and past imperfect observations in order to perform GCIP (GEWEX Continental-(c) 1994, Meteorological Society of Japan scale International Project, e.g., Takeda, 1992) . In this study, the seasonal change of the water budget and water cycle in the Congo river basin is described and explained by using the atmospheric water balance method suggested by Starr and Peixoto (1958) . Generally speaking, hydrometeorological data from several sources should be integrated for the analysis of the water budget. It is desirable that data of the same periods are available as long as possible. In the case of the Congo river basin, however, precipitation data are scarcely available after 1960 (e.g., Shinoda, 1989) . On the other hand, global objective analysis data are not suitable for the investigation of the atmospheric water budget before the First CARP Global Experiment (from December 1978 to November 1979 . As for the Congo river basin, it has been impossible, so far, to investigate both the terrestrial and atmospheric water budget for the same periods.
In this study, the long-term averaged characteristics of the water budget of the land and atmosphere are compared, although the investigation period of the former is different from the latter.
Data

Vapor flux convergence
The atmospheric water budget is investigated by using the global objective analysis data of the European Centre for Medium-Range Weather Forecasts (ECMWF). ETOPO5, the global altitude grid data set in 5 minutes spatial resolution made by the National Geophysical Data Center in the United States, is averaged for the 2.5° mesh and also used to determine the surface pressure. Although the ECMWF adopts an intermittent 4-dimensional data assimilation system, upper-air meteorological stations are sparsely distributed in the Congo river basin (e.g., Bengtsson et al., 1982) . Therefore the Fig. 1 . The area of the Congo river basin, the map of drainage net and river discharge stations after Bultot (1971) . A black circle is a station where the water level is measured, while a black square is a station where discharge is estimated. The stations used in this study are indicated by arrows.
quality of the global objective analysis data is considered to depend upon the characteristics of the forecast model. The forecast model's scheme of the ECMWF is changed from year to year (e.g., Arpe, 1991) . In particular, the treatment of vapor was changed at the beginning of 1985 (Hoskins et al., 1989) , and so the data from 1985 to 1988 are used in this study bearing in mind the homogeneity of the quality. The variables of this data set are wind vector, temperature, geopotential height and relative humidity of standard levels from 1,000 to 100hPa. The spatial and temporal resolutions are 2.5 degree latitude/longitude and twice daily (0000 and 1200UTC), respectively. The four-year averaged vertically-integrated vapor flux convergence, originally calculated every 12 hours, are regarded as the long-term mean.
At first, the vapor flux convergence of areas covering the entire Congo river basin is calculated (Fig. 2) . Next, after dividing the entire basin into three regions according to the vegetation type of Kuchler (1949 Kuchler ( , 1986 , the atmospheric water budgets of the evergreen forest and southern deciduous forest regions are investigated, respectively. The water budget of the northern deciduous forest region is not mentioned when the regional characteristics in the basin are discussed. This is because vapor flux convergence should be calculated for a fairly wide area, at least 106km2 (e.g., Rasmusson, 1968 Rasmusson, , 1971 Peixoto, 1973) when the atmospheric data of a twice-daily analysis are used for the study.
Runoff
The long-term mean runoff values are obtained from Bultot (1971) in which monthly discharge data at 11 stations are available (Fig. 1) . The discharge data of four stations in the basin (Kinshasa, Bangui, Kindu, Kutu-Moke) are used to investigate the regional characteristics of the water budget in the basin. The data-available period of each station is shown in Table 2 .
In this study, runoff at Kinshasa, located near the river mouth, is regarded as the total runoff of the entire basin. The summation of discharge at Kindu and Kutu-Moke is defined as the total discharge from the southern deciduous forest region, while the discharge of the evergreen forest region is estimated as the difference between discharge at Kinshasa and the summation of the other three stations. Runoff is estimated as a spatially averaged value in each region.
Precipitation
The long-term averaged precipitation in the basin is estimated by using the monthly global precipitation data of Legates and Willmott (1990) . The spatial resolution is 0.5 degrees latitude/longitude which is interpolated with the station data almost covering the period from 1920 to 1980 on the global scale. According to the World Monthly Surface Station Climatology of the National Center for Atmospheric Research in the United States, precipitation data of 66 stations in the Congo river basin have been available since the beginning of the observation. The interpolation was performed by considering that the earth is a sphere. Also the gauge measurements errors, owing to the effect of the wind, wetting on the interior walls of the gauge and evaporation from the gauge, were estimated and removed (Legates and Willmott, 1990) . In this study, the authors calculated the monthly precipitation averaged over a 2.5° mesh, by using the original 0.5 degree grid data of Legates and Willmott (1990) .
Normalized Difference Vegetation Index (ND VI)
The seasonal change of the Normalized Difference Vegetation Index (NDVI), which monitors the activity of vegetation over a wide area, is also investigated in order to know the role of vegetation in the water cycle in the basin. The original data are the weekly NDVI compiled by the NOAA/NESDIS (National Oceanic and Atmospheric Administration/National Environmental Satellite Data Information Service). The NDVI data have been available since May 1982. However, the analysis period in this study is limited from 9th April 1985 to 16th September 1987, bearing in mind the homogeneity of the quality. This is because the basic map projection for the NDVI was changed from polarstereographic arrays to plate carree arrays in April 1985 (Kidwell, 1986) . The NDVI is estimated by utilizing the characteristics of chlorophyll which absorbs/reflects the visible/near infra-red band. It is given by Eq. (1) with the data of the visible (Chi) and near infra-red (Ch2) band of the AVHRR (Advanced Very High Resolution Radiometer) sensor of the NOAA satellite.
NDVI=Ch2-Chl(1)Ch 2+Ch1(1) The NDVI theoretically changes from -1 to +1.
However, its range related to the variation of vegetation is from 0.1 to 0.6 (Murai and Honda, 1991) .
The horizontal resolution of the original NDVI data is 0.144 degrees latitude/longitude. For the analysis, they are converted to the 2.50 mesh data with monthly temporal resolution. In the data conversion, not the average but the median value of 10 around the center of 2.5 grid is assumed to be the representative value of the grid in order to avoid the effect of extraordinary values (Shinoda, 1994) .
Method
The terrestrial and atmospheric water balance equations are connected with the term (E-F) and . The hatched area is the evergreen forest region after Kuchler (1949 Kuchler ( , 1986 . Table 2 . The river discharge stations in the Congo river basin can be written as
Where, S, Ro, E, P are basin storage, runoff, evapotranspiration, precipitation, respectively. Groundwater runoff is neglected. V is the horizontal differential operator. Q and W are the vertically integrated vapor flux vector and precipitable water, respectively.
Since the seasonal change of precipitable water is negligible in comparison with the other water balance terms (Starr and Peixoto, 1958) , it is not calculated in this study. In addition, the absolute value of the inter-annual variability of basin storage is considered to be very small when the year-long averaged water budget is investigated. Therefore, we suppose this term can be neglected in the annual water budget, which means runoff should be equal to vapor flux convergence on the annual basis.
In Eq. (2), basin storage is difficult to measure directly. In addition, it is difficult to estimate the actual evapotranspiration in the tropics on a monthly basis by using the climatological data and the method as mentioned in Matsuyama (1992) . Only the atmospheric water balance method is available in this case, by which evapotranspiration can be estimated as precipitation minus vapor flux convergence on a monthly basis. By using vapor flux convergence and runoff data, the monthly change of basin storage can be estimated with Eq. (2). Basin storage is estimated not as an absolute value but as a relative one so that the value of January 1st should be zero. Figure 3a is the time-latitude section of monthly precipitation averaged over 15°E to 25°E. The tropical rainbelt is located on the southern/northern edge of the Congo river basin in the boreal winter/summer, as shown by Shinoda (1990) . The seasonal changes of vertically integrated vapor flux convergence and evapotranspiration ( Fig. 3a and 3b , respectively) are similar to that of precipitation. The negative evapotranspiration occurs around 10°N from March to April and 15S from August to November due to the overestimation of vapor flux convergence, however, Fig. 3c is considered to represent the seasonal change of the actual evapotranspiration in a qualitative sense. Figure 4a shows the distribution of verticallyintegrated vapor flux and its convergence from January to February. It is the rainy/dry season of the southern/northern part of the basin (Fig. 3a) . The latitude-height section of zonal vapor flux along 20E during this period is shown in Fig. 5a . An eastward vapor flux is observed in the lower layer. How- ever, vertically integrated vapor is transported from the northeastern to the southern part of the basin (Fig. 4a ). The convergence occurs over almost the entire basin except its northeastern edge. During the rainy season of the entire basin from March to April, vertically integrated vapor is transported in the east-west direction (Fig. 4b) . The southern part of the basin is included in the vapor flux divergence area, supplying vapor to the other part of the basin as well as to the Atlantic ocean. From Fig. 5b , it is clear that the eastward vapor flux in the lower layer moves to the north and its height is lower than that in January-February (Fig. 5a ). During the second rainy season of the entire basin (from October to November), the vertically integrated vapor flux and its convergence show a similar pattern to Fig. 4b , but almost the entire basin is covered with the convergence area. The latitude-height section also looks like Fig. 5b although the eastward flux in the lower layer is limited near the equator (figures not shown).
Distribution of the atmospheric water budget
The distribution of vertically-integrated vapor flux and its convergence from May to July is shown in Fig. 4c . It is the dry season of the southern part of the basin. During this period, almost all of the southern part is included in the divergence area. The eastward vapor flux in the lower layer moves further to the north and its height exceeds the 850 hPa level (Fig. 5c) . However, the vertically integrated zonal vapor has a westward component to the north of the equator. Generally speaking, vertically integrated vapor is transported from southern part of the basin to the Atlantic ocean as well as to the northern part and the Ethiopian Plateau via the Eastern Sahel (See Fig. 1) . The rainy season of the southern part of Ethiopia is caused by westerlies with plenty of vapor (Suzuki, 1969) .
In the Congo river basin except for the southeastern part, it is said that vapor from the Atlantic ocean directly brings about precipitation (e.g., Tsuchiya, 1972; Bultot and Griffiths, 1972) . This is because the altitude of the western boundary is lower than the eastern divide with the height of 3,000m. From Fig. 5 , it is found that the eastward vapor flux in the lower layer appears throughout the year, which is not in contradiction with the former studies. Since precipitable water in the upper layer is not negligible in the tropics (e.g., Kuznetsova, 1990) , the eastward vapor flux in the lower layer is compensated by the westward one in the upper layer when vertical integration is performed. From these facts, it is important to investigate not only the vertically integrated vapor flux but also that of each layer in order to consider the water cycle in the atmosphere.
5. The seasonal change of the water budget in the entire basin Figure 6 shows the seasonal changes of the vertically-integrated vapor flux convergence in the entire basin and runoff at Kinshasa. Vapor flux is in divergence from May to July while runoff is almost constant throughout the year. The latter result reflects the characteristic of the Congo river basin which has so many tributaries with different rainy seasons. This characteristic prevents the rapid decrease of monthly runoff near the river mouth.
The annual vapor flux convergence and runoff are estimated to be 254 and 332mm/year, respectively. The ratio of the latter to the former is about 1.31. Since the annual runoff values obtained by previous studies are more than 300mm/year (Tables 1 and 3 ) and considered to be more precise than the annual vapor flux convergence, it can be said that the vapor flux convergence is estimated to be a little smaller. This difference is considered to reflect the characteristics of the global objective analysis of the ECMWF which expresses the divergence of wind in the tropics weaker than the real state (e.g., Masuda, 1988; Oki et al., 1992; Matsuyama, 1992) , although the treatment of vapor has been improved since 1985 (Hoskins et al., 1989) . The seasonal changes of the atmospheric water budget and NDVI in the entire basin are shown in Fig. 7a . Monthly evapotranspiration estimated by Eq. (2), along with monthly NDVI, seems to lag precipitation by one month throughout the year. This is because the NDVI is connected with evapotranspiration via a variable stomatal resistance to gas and vapor transfer (e.g., Malingreau, 1989) .
Although the Congo river basin has a rainy season twice a year, the basin storage shows only one maximum/minimum in March/August (Fig. 8) . The seasonal changes of the basin storage in the evergreen forest and southern deciduous forest regions are also shown in Fig. 8 . It is interesting that the difference between the maximum and minimum values of the entire basin storage is about half/twice as large as that in the Amazon/Mississippi river basin (Matsuyama, 1992; Roads et al., 1994) . In the case of the entire Congo river basin, the relative value of basin storage at the end of December should be zero, but it is not, due to the underestimation of the annual vapor flux convergence. This underestimation does not seriously affect the results of this study in a qualitative sense (See Appendix).
The regional characteristics of the water budget in the basin
In order to know the reason why evapotranspiration lags precipitation by one month over the entire basin, the regional characteristics of the water budget in the basin are investigated. This is because both the rainy season and vegetation type are not homogeneous in the Congo river basin. The regional characteristics of the water budget in the basin cannot be explained by studying the basin as a whole.
In tropical Africa, the relationship of the interseasonal time-scale variation between the OLR (Outgoing Longwave Radiation, one of the indeces of convective activity) and the NDVI is investigated by Shinoda (1994) . It is clarified that the seasonal change of the NDVI lags the OLR by five/two weeks in the deciduous/evergreen forest region. Fig.  9 shows the time-latitude section of the NDVI averaged over 15E to 25E. The seasonal change of the NDVI is found to be similar to that of precipitation, as shown in Fig. 3a .
In the evergreen forest region (see Fig. 2 ), the NDVI and evapotranspiration seem to be in phase with the seasonal change of precipitation (Fig. 7b) . Contrarily, the response to precipitation in the southern deciduous forest region is different from that in the evergreen forest region. In Fig. 7c , precipitation maximum appears in March while the evapotranspiration maximum lags precipitation by one month from boreal spring to summer when the tropical rainbelt shifts northward. During this period, the NDVI does not show its clear maximum. On the other hand, when the tropical rainbelt shifts southward from boreal summer to autumn, a precipitation minimum appears in July while the NDVI and evapotranspiration lag precipitation by one month and their minima appear in August (Fig .   Table  3 . Drainage area, the annual mean discharge and runoff of the Congo river A blank shows that the data were not provided by the respective authors.
(1) The capital of the Republic of Congo located at the other side from Kinshasa. 7c). In comparison with Fig. 7b and 7c , the period when vapor flux is in divergence is longer in the southern deciduous forest region than in the evergreen forest region. Therefore, the range of the seasonal change of basin storage is larger in the southern deciduous forest region than in the evergreen forest region (Fig. 8) , since runoff is almost constant throughout a year in each region in comparison with the other water balance terms (figure not shown).
7. The interpretation of the seasonal change of the water budget in the entire basin
Taking the above-mentioned results into consideration, the seasonal change of the water budget in the entire basin can be recognized as the combination of those in the evergreen forest and southern deciduous forest regions. It is presented as follows.
When the tropical rainbelt shifts northward, the evergreen forest gets active rapidly due to the onset of the rainy season, resulting in the increase of evapotranspiration. Precipitation maximises and remains steady while an evapotranspiration maximum appears in May. In the southern deciduous forest region, a precipitation/evapotranspiration maximum appears in March/April. Therefore, in the entire basin, the precipitation maximum appears from March to April while an evapotranspiration maximum appears from April to May.
When the tropical rainbelt stays in its northernmost position, the precipitation minimum appears in July in the southern deciduous forest region. The response of the deciduous forest to the increase of precipitation is very slow, showing that an evapotranspiration minimum appears in August. In the evergreen forest region, evapotranspiration is almost constant from June to September, while precipitation begins to increase from July. Therefore, in the entire basin, a precipitation minimum appears in July while an evapotranspiration minimum appears in August, reflecting the characteristics of the southern deciduous forest region although an evapotranspiration minimum over the entire basin is not so apparent.
When the tropical rainbelt shifts southward, the decrease of evapotranspiration in the evergreen forest region is compensated by its increase in the southern deciduous forest region due to the onset of the rainy season with a one month time-lag. Over the entire basin, evapotranspiration during this period is almost constant. When the tropical rainbelt stays in its southernmost position, the lagrelationship between precipitation and evapotranspiration in the southern deciduous forest region becomes obscure; however, the reason remains unknown.
The seasonal change of basin storage in each region, including the entire basin, shows a similar pattern from one to another (Fig. 8) . However, the amplitude is smaller in the evergreen forest region than in the southern deciduous forest region. This is because vertically integrated vapor flux is almost in convergence in the evergreen forest region, although it shows a slight divergence in the boreal summer (Fig. 7b) . Over the entire basin, the vapor flux is in divergence during the dry season of the southern deciduous forest region ( Fig. 7a and 7c ). In addition, from the viewpoint of the seasonal change of precipitation and evapotranspiration, it is concluded that the water budget over the entire Congo river basin mainly reflects the characteristics of the southern deciduous forest region.
Conclusion
The seasonal change of the water budget in the Congo river basin is investigated by using the hydrometeorological data averaged over long-term periods. The following results have been obtained in this study.
The vertically-integrated vapor flux convergence is estimated to be about 30% smaller than runoff on an annual basis. This difference is considered to reflect the characteristics of the global objective analysis of the ECMWF, which underestimates the divergence of wind in the tropics.
On a monthly basis, the NDVI and evapotranspiration are in phase with the seasonal change of precipitation in the evergreen forest region, while they lag precipitation by one month in the southern deciduous forest region. Since the NDVI is considered to be one of the indeces to represent evapotranspiration from vegetation, the NDVI is in phase with evapotranspiration in both regions. As for the entire basin, the lag-relationship between the NDVI/evapotranspiration and precipitation is similar to that for the southern deciduous forest region.
During the dry season of the southern deciduous forest region, evapotranspiration exceeds precipitation over the entire basin, which causes a decrease of the basin storage to its minimum value. In addition, from the viewpoint of the seasonal change of precipitation and evapotranspiration, it is concluded that the feature of the seasonal change of the water budget in the entire basin mainly reflects the characteristics of the southern deciduous forest region.
In the near future, it will be necessary to clarify the reason why the lag-relationship between NDVI/evapotranspiration and precipitation in the southern deciduous forest region becomes obscure when the tropical rainbelt stays in its southernmost position. Also, it must be studied as to what brings about the lag-relationship between NDVI/evapotranspiration and precipitation which is peculiar to the vegetation type.
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Appendix
The effect o f the underestimation o f vapor flux convergence on the seasonal changes o f evapotranspiration and basin storage
The benefit of this study is that the seasonal changes of evapotranspiration and basin storage in the tropics can be estimated by routine meteorological observations. As mentioned in Section 5, vapor flux convergence over the entire basin is estimated to be a little smaller than runoff on an annual basis, which means that vapor flux convergence estimates include some errors. This, in turn, has the probability of overestimating monthly evapotranspiration and affecting basin storage. In this appendix, the effect of the underestimation of vapor flux convergence on the seasonal changes of evapotranspiration and basin storage in the entire basin will be discussed briefly. So far, there are two ways to adjust vapor flux convergence to runoff on an annual basis. By employing these adjustments, the seasonal changes of evapotranspiration and basin storage are estimated and compared with those calculated with unadjusted data.
The first method is to multiply by a factor each monthly vapor flux convergence as in Matsuyama (1992) . In the case of the Congo river basin this factor is 1.31, which is the ratio of runoff (332 mm/year) to vapor flux convergence (254 mm/year). As for the total of 35 large river basins of the world including the Congo river basin, the factor is around 1.50, which is also estimated by using the ECMWF global objective analysis data from 1985 to 1988 (Oki et al., 1992 (Oki et al., , 1993 . In a qualitative sense, this procedure properly expresses vapor flux divergence and convergence, respectively. However, the amplitude of the seasonal changes of evapotranspiration and basin storage can be overestimated/underestimated when the factor is greater/smaller than 1.0. From Fig. Ala , the adjusted evapotranspiration is estimated to be slightly smaller than the unadjusted value in the rainy seasons of the Congo river basin. The difference in basin storage is especially large at the end of the rainy seasons due to the accumulation of the underestimation of vapor flux convergence. It is found that the maximum/minimum values appear in the same month in both estimations.
The second way is to add the factor 6.5 mm/month to each monthly vapor flux convergence. Twelve times this factor is equal to the difference between the annual runoff and vapor flux convergence. This procedure does not overestimate/underestimate the seasonal change of evapotranspiration and basin storage, but has a probability of mistaking the divergence/convergence as convergence/divergence when their absolute values are small. From Fig. Alb , the adjusted evapotranspiration is systematically smaller than the unadjusted value throughout the year, which causes the difference in basin storage to get larger toward the end of the year. However, the maximum/minimum values also appear in the same month in both estimations.
From these error analyses, it can be said that the underestimation of vapor flux convergence does not seriously affect the seasonal change of evapotranspiration and basin storage in a qualitative sense. In addition, almost same features are seen in the evergreen forest and southern deciduous forest region, respectively (figures not shown).
In this appendix, the error analyses are made with the proviso that the error can accrue systematically within a year. Further study is needed to confirm this assumption. The authors will discuss this problem in the near future. 
